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I .  
EFFECTS OF RECENT NASA-ARC*HYPERVELOCITY IMPACT RESULTS 
ON METEOROID FLUX AND PUNCTURE MODELS 
Charles C. Dalton 
George C. Marshall Space F l igh t  Center 
Huntsvil le,  Alabama 
ABSTRACT 
l -  
. 
Recent NASA-ARC laboratory hypervelocity impact r e s u l t s  a r e  used t o  
der ive a formula f o r  the just-puncturable thickness of a me ta l l i c  t a r g e t  
sheet .  The derived formula is used fo r  an i n t e r p r e t a t i v e  comparison of 
photographic meteor data  and the  puncture data  from the three  Pegasus 
and two Explorer meteoroid measurement s a t e l l i t e s .  The logarithm of the 
mass-cumulative inf lux  of meteoroids per square meter per second is found 
t o  be a nonlinear function of the logarithm of the l e a s t - p a r t i c l e  mass i n  
grams. A cubic polynomial f o r  th i s  function, with -14.52, -1.406, -0.0490, 
and -0,00074 f o r  the values of the coe f f i c i en t s  of respec t ive  ascending 
powers, f i t s  the data  and seems most appropriate  f o r  extrapolat ion aver 
the mass range fo r  cometary pa r t i c l e s .  The in f lux  of a s t e r o i d a l  p a r t i c l e s  
is estimated separately.  
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Def in i t i on  
puncture f lux ;  mean number per  second per square meter 
of su r f ace  wi th  231 s t e r a d i a n  exposure 
thickness of a just-puncturable s h e e t  i n  centimeters 
p r o j e c t i l e  or  meteoroid diameter i n  centimeters 
f l u x  of meteoroids of mass equal t o  o r  g r e a t e r  than m; 
mean number of h i t s  per square meter per second per 231 
s teradians without e a r t h  sh i e ld ing  
thick-target  c r a t e r  depth i n  centimeters 
closing v e l o c i t y  i n  kilometers per second 
longi tudinal  son ic  v e l o c i t y  i n  i n f i n i t e  t a r g e t  of given 
mater ia l  i n  kilometers per second 
t a r g e t  d u c t i l i t y ,  r e l a t i v e  elongation i n  2-inch gauge 
length 
t a r g e t  s p e c i f i c  g r a v i t y  o r  dens i ty ,  gm/cm3 
p r o j e c t i l e  s p e c i f i c  g r a v i t y  or  densi ty ,  gm/cm3 
p r o j e c t i l e  o r  meteoroid mass i n  grams 
logarithm t o  base ten 
angle of impact of an  inc iden t  p a r t i c l e  from the  su r -  
face  normal 
standard dev ia t ion  of log m 
angle  of i m p a c t  of a puncturing par t ic le  f rm.  the  sur -  
face  normal 
puncturable mass a t  constant  angle  of impact x2 
expected value or  mean of log m 
a n t i l o g  of E[log v ]  and E[log s], r e spec t ive ly  
iv  
LIST OF SYMBOLS (Continued) 
Definition 
target parameter 
target material parameter kt 
k + (19/54) log m projectile parameter 
P 
k projectile velocity parameter 
P 
D distance from the sun in astronomical units 
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EFFECTS OF RECENT NASA-ARC HYPERVELOCITY IMPACT RESULTS 
ON METEOROID FLUX AND l"CTURE MODELS 
SUMMARY 
Recent NASA-ARC labora tory  hyperveloci ty  -*act r e s u l t s  are used 
t o  derive a formula f o r  the  just-puncturable  thickness of a m e t a l l i c  
t a r g e t  shee t .  The derived formula is  used f o r  an i n t e r p r e t a t i v e  com- 
par i son  of photographic meteor d a t a  and the puncture da t a  from the  
three Pegasus and two Explorer meteoroid measurement s a t e l l i t e s .  The 
logarithm of the  mass-cumulative in f lux  of meteoroids per square meter 
per  second is found t o  be a nonlinear func t ion  of the logarithm of the 
l e a s t - p a r t i c l e  mass i n  grams. A cubic polynomial for this funct ion,  
wi th  -14.52, -1.406, -0.0490, and -0.00074 f o r  the  values  of the  coef- 
f i c i e n t s  of respec t ive  ascending powers, f i t s  t h e  da ta  and seems most 
appropr ia te  f o r  ex t rapola t ion  over the  mass range f o r  cometary p a r t i c l e s .  
The in f lux  of a s t e r o i d a l  p a r t i c l e s  i s  estimated separa te ly .  
I. INTRODUCTION 
A working paper [l] prepared f o r  considerat ion by the  NASA Meteo- 
r o i d  Technology Advisory Working Group* i n  January 1966 showed that the  
puncture da t a  f o r  the  two Explorer and th ree  Pegasus meteoroid measure- 
ment s a t e l l i t e s  c o l l e c t i v e l y  ind ica te  t h a t  puncture f l u x  pl is approxi- 
mately proport ional  t o  the -1.966-power of t he  t a r g e t  equivalent  thickness  
p. 
p a r t i c l e  diameter,  d,  can be considered proport ional  t o  the  1.04-power of 
d ,  then the  mass-cumulative inf lux  F,would be proport ional  t o  the  -1.34- 
power of p a r t i c l e  mass m f o r  the  puncturing p a r t i c l e s  s i m i l a r l y  as f o r  
photographic meteors. That p o s s i b i l i t y  is not  very  convincing; e.g., 
Gault [2] had concluded previously t h a t  the  ratio of the  th ick- ta rge t  
c r a t e r  depth, po, and the p a r t i c l e  diameter,  d ,  "should never be a 
s t rong  func t ion  of the p r o j e c t i l e  size." 
It was suggested t h a t  i f  the r a t i o  of puncturable thickness ,  p, and 
Af te r  f u r t h e r  s tudy and consul ta t ion,  a r e p o r t  [3] was published 
w i t h  f l u x  and puncture models f o r  c i s luna r  and in t e rp l ane ta ry  space. 
The c i s luna r  p a r t  was d i s t r i b u t e d  as a working paper [4] again  t o  the 
NASA-WWG. The models presupposed: (1) The Ames (Summers 1959 [5]) 
formulation f o r  th ick- ta rge t  penetrat ion r a t i o  po/d independent of d ,  
J; 
W i l l  be r e fe r r ed  t o  as MTAWG i n  th i s  repor t .  
(2 )  the Langley (see Reference 6 )  r e l a t i o n  between p 
photographic meteor sample with r eca l cu la t ed  mass values [9] and Hawkins 
and Upton's [ l o ]  value f o r  the  f l u x  of zero-visual-magnitude meteors 
and t h e i r  " v i s i b i l i t y "  s ta t i s t ica l  weighting f u r t h e r  supplemented [ll, 1 2 1  , 
(4 )  Stuhl inger 's  [13] t h i ckes t - t a rge t  Pegasus puncture da t a ,  and (5) f o r  
the Explorer XVI t h i ckes t  punctured t a r g e t ,  Hastings [14] maximum l i k e l i -  
hood value f o r  the  s lope of the logarithm of the puncture f l u x ,  @, as a 
funct ion of the logarithm of the t a r g e t  thickness ,  p.  A l l  of the  
reviewers expressed a preference f o r  the models i n  Reference 4 instead 
of Reference 1. 
and t h i n - t a r g e t  puncturable thickness, p ,  (3) Hawkins and Southworth 0 s [7,8]  sporadic  
11. RESPONSE FROM COORDINATION 
Some of the suggestions which the  reviewers* offered f o r  a f u r t h e r  
I 
improvement of the models i n  Reference 4 are as follows: (1) The photo- 
graphic  meteor t i e  po in t  and s lope  should be determined from McCrosky and 
Posen's [ l 5 ]  s a m p l e  which i s  near ly  t en  times as l a r g e  as Hawkins' and 
Southworth's [7 $1 285-meteor sample. (2)  The Pegasus puncture f l u x  
should be divided by 0.86 t o  account f o r  the laboratory-determined count- 
ing e f f i c i ency  reported by Naumann [16]. (3 )  The puncture da t a  from 
Explorers X V I  and XXIII should be considered c o l l e c t i v e l y  i n  the  puncture 
f l u x  model. (4 )  The more r ecen t  NASA-ARC hypervelocity impac t  data  and 
ana lys i s  by Denardo and Nysmith [17] and by Fish and Summers [18] should 
be used instead of Summers' [ 51 e a r l i e r  r e s u l t s .  (5) The r e l a t i o n  
between thick-target  penetrat ion,  po, and th in - t a rge t  puncturable thick-  
ness,  p, may depend on v e l o c i t y  (e.g., s ee  Reference 19) s o  t h a t  po and 
p may s c a l e  with d i f f e r e n t  powers of v e l o c i t y  e s p e c i a l l y  f o r  laboratory 
r e s u l t s  with lower ve loc i ty  than t h a t  f o r  meteoroid i m p a c t .  
111. EXCEPTION FOR PHOTOGRAPHIC METEORS 
Although the r e s u l t s  f o r  t he  random sample  of 285 sporadic  photo- 
graphic  meteors published by Hawkins and Southworth [ 7 , 8 ]  a r e  s a id  t o  
have been determined by a more accurate  method of da t a  reduct ion than 
t h a t  which w a s  used f o r  the l a r g e r  by McCrosky and Posen [15], the l a t t e r  
sample i s  almost,.ten times as la rge .  
t i ca l  analysis,  Opik (see Dalton [20]) has s t a t e d  a preference fo r  the 
l a r g e r  s a m p l e .  The present ana lys i s  is based on the smaller sample i n  
References 7 and 8 because r e s u l t s  were a v a i l a b l e  i n  Reference 1 2  f o r  an  
appropriately weighted s ta t i s t ica l  ana lys i s  with r e spec t  t o  p a r t i c l e  
mass with mass values re-computed i n  Reference 9 with apik 's  [21 ,  19581 
v e l o c i t y  dependence of meteor luminous e f f i c i ency .  The mass values 
tabulated f o r  the l a r g e r  sample by McCrosky and Posen [15] are s a i d  t o  
Therefore, f o r  purposes of s ta t i s -  
.L 
"NASA-MTAWG members and t h e i r  r ep resen ta t ives .  
2 
l -  
follow the p rac t i ce  of the Harvard Meteor Pro jec t  i n  assuming 'dpik's 
[22,23] older  formulation f o r  luminous e f f i c i en ty .  The author 's  recent  
paper  [ll], at tached as Appendix I t o  t h i s  r epor t ,  shows haw various 
statist ical  r e s u l t s  a r e  biased independently of any constant of propor- 
t i o n a l i t y  f o r  luminous eff ic iency.  Therefore, i n  both the present  and 
previous models [3], the ordinate and s lope of log mass-cumulative in f lux  
F> ( p a r t i c l e s  per square m e t e r  per second) as a funct ion of l o  
p a r t i c l e  mass m are -13.58 and -1.34, respec t ive ly ,  a t  m = 10 - % e 6 8  grams. 
Velocity is nominally 26.7 W s e c .  
cometary 
IV. CRATER DEPTH AND PUNCTLJRABLE T H I C ~ s ~  
Denardo and Nysmith [17] give a tabula t ion  and p lo t  of data  f o r  
impact of 2017-T4 aluminum sph res  i n t o  th ick  t a rge t s  of 2024-T4 aluminum. 
The p l o t  shows tha t  log p0/d1sp18 v a r i e s  qu i t e  smoothly as a funct ion of 
log v with s lope gradual ly  diminishing t o  about 2/3 a t  the highest  veloc- 
i t y  data-point.  
assumed through t h i s  data  point ,  which w a s  tabulated from po/d = 1.840, 
d = 0.159 cm (1/16 i n ) ,  and v = 4.361 km/sec (22,960 f t / s e c ) .  There- 
fo re ,  by extrapolat ion,  
A tangent ia l  extrapolat ion t o  higher ve loc i ty  w i l l  be 
l ~ g [ ( p ~ / d ) ( l / d ) ~ / l ~ ]  = -0.254 + (2/3) log v (1 1 
f o r  t he  given p r o j e c t i l e  and t a rge t  mater ia l s .  
For appl ica t ion  of equation (1) t o  other  t a rge t  mater ia l s  of the 
, same dens i ty  and d u c t i l i t y ,  it would seem that ve loc i ty  v should be 
replaced by v/Ct, as i n  Summers' [5] formulation, where Ct  is the sonic  
v e l o c i t y  i n  the t a r g e t  mater ia l .  Bouma and Burk i t t  [24] give C = 6.25 
km/sec f o r  2024-T4. Then, by rewri t ing equation (1) with v repfaced by 
v /  (Ct/6.25), 
po/d = d1/18 ( v / C ~ ) ~ / ~ ,  
f o r  t a rge t s  of the given dens i ty  and d u c t i l i t y  and the given p r o j e c t i l e  
densi ty .  
3 
The formulation with r e spec t  t o  the  t h i n - t a r g e t  puncturable thick-  
ness p i s  found from equation (2) by replacing po wi th  p/1.59 as i n  [3]; 
i.e. , 
f o r  t a r g e t s  of the  given dens i ty  and d u c t i l i t y  and the  given p r o j e c t i l e  
densi ty .  
Fish and Summers [18] show r e s u l t s  f o r  puncturable thicknesses of 
var ious t a rge t s  impacted by 0.159-centimeter-diameter b a l l s  of 2017-T4 
aluminum ranging from 0.5 t o  8.5 km/sec. 
threshold penetrat ion equation is no t  a v a i l a b l e  a t  this t i m e ,  one can 
note seve ra l  f a c t o r s  which a f f e c t  the  thickness penetrated” they showed 
a tendency for: 
S t a t i n g  that “although a 
where E t  and pt are, r e spec t ive ly ,  the  d u c t i l i t y  and s p e c i f i c  g r a v i t y  of 
the t a r g e t .  Equation (4) is  f o r  the given p r o j e c t i l e  wi th  constant  d,  
e t c .  The ve loc i ty  term i n  equation (4) w i l l  be ignored because it w i l l  
be assumed t h a t  v must be replaced by v2l3 as i n  equation (3) when the  
v e l o c i t y  i s  extrapolated t o  values  t y p i c a l  of meteoroid impact. 
The values f o r  d u c t i l i t y  E t  and dens i ty  Pt presupposed i n  equation 
(3) a r e  those f o r  a 2024-T4 t a r g e t ;  i .e. ,  [18,24], c t  = 0.19 and pt = 2.77. 
Then, by e ua t ion  ( 4 )  the  r i g h t  s i d e  of equation (3) can be mul t ip l ied  by 
i n  equation (3)  is  Ct  - p;1/2 f o r  ma te r i a l s  E251 w i t h  the  same Young’s 
modulus and Poisson’s r a t i o .  Then the dependence on t a r g e t  d e n s i t y  i n  
equation ( 4 )  ‘ s  achieved by multiplying the r i g h t  s i d e  of equation (3) 
by ( 2 . 7 7 / ~ ~ ) ~ 7 ~ .  Therefore, equation (3) can be replaced by 
(0.19/Et)l 9 la f o r  t a r g e t s  of d i f f e r e n t  d u c t i l i t y .  But t he  son ic  v e l o c i t y  
p/d = 10°0a07 d1/18(1/E t )Ill8 ( l / ~ , ) ~ / ~  ( v / C , ) ~ / ~  (5) 
f o r  spherical  p r o j e c t i l e s  of 2017-T4 aluminum wi th  dens i ty  [18] p = 2.79. 
The diameter, d ,  and the dens i ty ,  p, of the  sphe r i ca l  p r o j e c t i l e  a r e  
r e l a t e d  by 
dp1l3 = (6m/31)~/~ ,  ( 6  1 
~ 
4 
where m is the p r o j e c t i l e  mass i n  grams, 
the r i g h t  s i d e  of equation (5) is proportional t o  the cube root of k i n e t i c  
energy; and f o r  a p a r t i c l e  of given ve loc i ty ,  the r i g h t  s i d e  of equation 
( 6 )  i s  a l s o  proportional t o  the cu e root  of k i n e t i c  energy, and is  
t i o n  (5) had involved p ro jec t i l e s  of d i f f e r e n t  densi ty ,  it should be 
expected t h a t  d i n  equation (5) should be replaced by d ( ~ / 2 . 7 9 ) ~ / ~ ;  i.e., 
For a p a r t i c l e  of given mass 
equated t o  the  product of d and p1 7 3. Then, i f  the data  supporting equa- 
fir spfiericai pro jec t i l e s .  
By s u b s t i t u t i n g  from equation (6) and transposing i n  equation (7), 
t he  thickness p of any t a r g e t  sheet just-puncturable by any p r o j e c t i l e  
of mass m and typ ica l ly  cosmic ve loc i ty  is 
- 100,749 m19/54 E-1/18 -5/6 ~ - 2 / 3 ( ~  cos x2)2/3, t pt t P -  
where (as i n  Reference 5) the ve loc i ty  v f o r  normal incidence has been 
replaced by the normal component v cos x2 f o r  oblique impact. 
V. PUNCTURABILITY OF PHOTOGRAPHIC METEOR PARTICLES 
By equation (8), photographic meteor par t ic le  with mass m = 10'o'68 
gram,nominal closing ve loc i ty  v = 26.7 lau/sec, and angle of impact 
x2 = rr/4 radians would j u s t  puncture a shee t  of 2024-T3 aluminum of 
thickness p = = 3.18 centimeters. 
V I .  PUNCTURE FLUX ENHANCEMENT FACTOR 
To e s t a b l i s h  the r e l a t i o n  between meteoroid incident  f l u x  F> and 
puncture f lux ,  $3, it is necessary to consider the statist ical  d i s t r ibu -  
t i o n  of the mass m s u f f i c i e n t  t o  puncture a given s t ruc tu re .  Such an 
ana lys i s  was given i n  Reference 26 bu t  with a d i f f e r e n t  formulation f o r  
puncturabi l i ty .  Only the rev is ions  f o r  that ana lys i s  necessi ta ted by 
equation (8) w i l l  be indicated here. When F> is the incident  f l u x  of 
p a r t i c l e s  wi th  mass m 2 G, where CI is the  value of m s a t i s f y i n g  equation 
(8) when the nominal values C and Z2 are used f o r  v and x2, then puncture 
f lux ,  @, is enhanced by a f ac to r  lop5; i .e. ,  
g = 1085 F,. ( 9 )  
5 
It was  found i n  Reference 3 that the s lope  p2 of log F > a s  a func- 
t i o n  of log m var ies  from about & = -1.34 f o r  photographic meteors t o  
about ha l f  t ha t  value f o r  the Pegasus puncture da t a .  It should be su f -  
f i c i e n t l y  accurate  t o  consider BS as a cons tan t  determined from a con- 
s t a n t  p2 = -1 and s t a t i s t i c a l  independence of mass m and v e l a c i t y  v. 
By equation (8), and G I o g  = 0.18 from Reference 26, 
log m = (54/19)[-0.749 + log(pc;/lB pz/6 C2/3)] t - (36/19) log(v cos x2), 
(10) 
where mx is puncturable mass a t  constant  angle  of impact x2. 
de r iva t ion  i n  Reference 26 f o r  E[log cos x2] = - ( 1 / 2 )  log e ,  
By the  
E[log mx] = E[log m] - (18/19) log e - (36/19) log cos x2, 
Then, by subs t i t u t ing  i n t o  the formulation i n  Reference 26 f o r  the d i f -  
f e r e n t i a l  puncture f lux ,  a,@, corresponding t o  the  d i f f e r e n t i a l  impact 
angle  dx2, 
d@ = 6.94 F,(cos x)36/19 s i n  2x dx, (11) 
where the subscr ip t  has been dropped from x i n  s h i f t i n g  a t t e n t i o n  from 
the  incident  p a r t i c l e s  t o  those that puncture. Then, by in t eg ra t ing  
the  r i g h t  s i d e  of equation (11) over the i n t e r v a l  0 5 x 5 d 2 ,  
6 
The p robab i l i t y  dens i ty  function f (x)  of the angle of impact, x ,  fo r  the 
population of meteoroids which puncture a t a r g e t  exposed t o  an i so t rop ic  
f l u x  is ,  by equations (11) and (12), 
f (x )  = (dg/dx)/@ = 1.95(cos s i n  2x. (13) 
Although the  puncture f l u x  enhancement f ac to r  i n  equation (12) is 
somewhat smaller than was found i n  Reference 26, being 3.56 ins tead  of 
5.05, the p robab i l i t y  dens i ty  function f (x)  f o r  the angle of hpacii of 
puncturing meteoroids ir. equat ion  (13) is not appreciably d i f f e r e n t  from 
that which was  found i n  Reference 26. Therefore,  the  der iva t ion  i n  Refer- 
ence 26 f o r  the most probable radiant  of a p a r t i c l e  puncturing a vehic le  
of known a t t i t u d e  is not compromised by the new formulation f o r  punctur- 
a b i l i t y  by equation (8). 
V I I .  TARGET AND PROJECTILE PARAMETERS 
The puncture data  from meteoroid measurement s a t e l l i t e s  is fo r  
t a r g e t  shee ts  of d i f f e r e n t  thickness and of d i f f e r e n t  mater ia l s .  The 
puncture f l u x  must be determined as  a funct ion of a t a r g e t  parameter 
which depends not only on the  thickness but  a l s o  on the other  s i g n i -  
f i c a n t  parameters of t he  mater ia l .  The logarithm of equation (8) can be 
transposed t o  equate t a r g e t  and p r o j e c t i l e  parameters by 
kt + log p = k + (19/54) log m, (14) 
P 
where the mater ia l  parameter kt i s  
and where the p r o j e c t i l e  ve loc i ty  parameter k is P 
7 
The constant terms i n  equations (15) and (16) have been mutually 
adjusted so  that the  t a r g e t  parameter, kt + log p ,  vanishes a t  the  
puncture f lux  t i e  po in t  f o r  photographic meteors. When meteoroid mass 
and v e l o c i t y  are  assumed t o  be s t a t i s t i c a l l y  independent and e i t h e r  the  
f l u x  is  i so t rop ic  or  the t a r g e t  o r i e n t a t i o n  is  random, then nominally, 
by equation (16), equation (14) becomes 
V I I I .  METEOROID PUNCTURE MODEL FOR EARTH ORBIT 
I n  the cubic polynomial haza rd  model from Reference 3, 
1% @ = a, + + log P)  + a2(kt + log p)' + a3(kt + log P ) ~ ,  (18) 
it is necessary t o  re-evaluate  the constants  a,, ..., a3. Because the 
t a r g e t  parameter, k t  + log p ,  vanishes nominally f o r  photographic meteors 
wi th  incident  f lux ,  F> = 10-13-58, and because the puncture f l u x  enhance- 
ment f a c t o r  in  equation (12) is  10°055, the value of a, i n  equation (18) 
is 
a, = -13.58 + 0.55 = -13.03. (19) 
Also a l  i n  equation (18) i s  the  value of d(1og ,O)/d(kt + log p )  where 
kt  + log p vanishes.  
photographic meteors d(1og F)/d( log m) = -1.34. Then, by equations (12) 
and (17), 
But  f o r  t h a t  condi t ion,  one a l s o  has from the 
a l  = -1.34(54/19) = -3.81. (20) 
The remaining two constants  a2  and a 3  i n  equation (18) can be 
determined from the da ta  i n  Reference 3 by s a t i s f y i n g  the centroid of 
the  puncture da ta  f o r  the  th i ckes t  t a r g e t  on each of the three  Pegasus 
s a t e l l i t e s  and the  centroid of a l l  of the  puncture da ta  f o r  the four  
r e l a t i v e l y  thinner  punctured t a r g e t s  on Explorers X V I  and XXIII. Then, 
when the  puncture f l u x  is divided by 0.86 t o  account f o r  the counting 
8 
! *  
e f f i c i ency  reported by Naumann [16], the  t i e  poin t  f o r  the  Pegasus t a r g e t s  
is ,  f o r  the  f i r s t  99 punctures, 
(log g, k t  + 1% p), = (-7,106, -1 .883) .  (21) 
! -  
Also, the  t i e  poin t  f o r  the  Explorer  t a r g e t s  is, w i t h  the f i r s t  104 
punctures, 
(1% g, kt  + log p), = ( -5 .355 ,  - 2 , 6 3 3 ) .  (22 j 
Y 
The values  of the coe f f i c i en t s  a, and a3 which s a t i s f y  equations ( 1 8 )  
through ( 2 2 )  a r e  
a2 = -0,384 
a3 = -0.017. 
Therefore, by equations ( 1 8 )  through ( 2 0 ) ,  ( 2 3 )  and ( 2 4 ) ,  the hazard 
model, w i t h  values compiled i n  Table 1 and i l l u s t r a t e d  i n  Figure 1, is 
The r e s u l t s  f o r  a 2024-T3 t a r g e t  shee t  a r e  also given i n  Table 1 and 
Figure 3 .  
IX. MASS-CUMULATIVE INFLUX 
By equations ( 1 2 ) ,  (19), and ( 2 5 ) ,  the mass cumulative i n f l u x  F> 
can be  ca lcu la ted  from 
log F > =  -13.58 - 3.81[0.240 + ( 1 9 / 5 4 )  log m] - 
- 0.384[0.240 + ( 1 9 / 5 4 )  log m I 2  - 0 .017[0 .240  + ( 1 9 / 5 4 )  log m I 3  
( 2 6 )  
9 
log F, = -14.52 - 1.406(log m) - O.O490(log m)2 - O.O0074(log m)3, (27) 
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FIG. 3. MEAN CISLUNAR COMETARY METEOROID PUNCTURE FLUX 
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X. ASTEROIDAL PARTICLES 
A s  i n  Reference 3 ,  the  mass-cumulative i n f l u x  of a s t e r o i d a l  p a r t i c l e s  
m - l  p a r t i c l e s  per square meter per second f o r  i s  considered to  be 
puncture-hazard purposes. This i n f lux ,  with values  compiled i n  Table 1 
and i l l u s t r a t e d  a l s o  i n  Figure 2 i s  an  ex t r apo la t ion  of Hawkins' 
model f o r  la rge  stones.  
as f o r  photographic meteors, i t  follows by equations (12) and (17)  t h a t  
the a s t e r o i d a l  puncture f l u x ,  @, i n  e a r t h - o r b i t  can be calculated from 
E271 
Then, by assuming the  same v e l o c i t y  d i s t r i b u t i o n  
Values f o r  t h i s  r e s u l t  are a l s o  compiled i n  Table 1 and i l l u s t r a t e d  i n  
Figure 1. 
X I .  CISLUNAR SPACE 
The ana lys i s  of the meteoroid v e l o c i t y  d i s t r i b u t i o n  i n  Reference 3 
showed t h a t  the e f f e c t  of the  ea r th ' s  g r a v i t a t i o n a l  f i e l d  is much l e s s  
than had been expected. Consequently, only 25 percent of the t e r r e s t r i a l  
i n f l u x  of cometary p a r t i c l e s  was found t o  be due t o  the g rav i ty -e f f ec t  
f a c t o r ;  i . e . ,  the g r a v i t a t i o n a l  enhancement f a c t o r  is  4/3. According t o  
Parkinson [28] , the corresponding f a c t o r  f o r  a s t e r o i d a l  p a r t i c l e s  is  2 . 1 .  
X I I .  INTERPLANETARY SPACE 
Most of t he  puncture hazard i n  c i s l u n a r  space, and i n  in t e rp l ane ta ry  
space near o r  between the o r b i t s  of Earth and Mercury, is due t o  p a r t i c l e s  
of cometary o r ig in .  This follows from Figure 1, from McCoy's [29] pre- 
ference f o r  Beard's [30] es t imate  that the f l u x  of cometary p a r t i c l e s  
should be proportional t o  D-3/2 (where D is the  d i s t ance  from the sun i n  
astronomical u n i t s ) ,  and from Parkinson's [28] model f o r  the d i s t r i b u t i o n  
of a s t e r o i d a l  p a r t i c l e s  wi th  r e spec t  t o  mass, m, and d i s t ance ,  D; i . e .  , 
14 
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The 27 kilometers per second median l u n a r  impact ve loc i ty ,  f o r  the  
d i s t r i b u t i o n  developed i n  Reference 3, is only s l i g h t l y  l e s s  than the 
h e l i o c e n t r i c  c i r c u l a r  o r b i t a l  ve loc i ty  f o r  the  p a r t i c u l a r  he l iocen t r i c  
d i s tance .  Anyway, i t  would seem appropr ia te  t o  assume that, a t  any other  
h e l i o c e n t r i c  d i s tance ,  D,  nominal c los ing  ve loc i ty  is proport ional  t o  
~ - 1 / 2 ;  i . e . ,  
for both cometary and a s t e r o i d a l  p a r t i c l e s .  Then, by equation (8), the  
thickness  of a t a r g e t  nominally puncturable by a meteoroid of p a r t i c u l a r  
mass is 
Also, by equation (8), p5*/19 - m v  36/19; i . e .  , together  wi th  the  
r e s u l t  i n  equation (30),  i t  follows t h a t  the p a r t i c l e  mass nominally 
s u f f i c i e n t  t o  puncture a p a r t i c u l a r  t a r g e t  is 
Therefore,  cometary puncture f lux ,  @, is changed not only by the f a c t o r  
D-3/2 due t o  the  change i n  the mass-cumulative f l u x  F, but  a l s o  by the  
f a c t o r  
These two f a c t o r s  combine t o  g ive  
These r e s u l t s  f o r  cometary p a r t i c l e s ,  equations (29) and (33),  a r e  
thought t o  be app l i cab le  between the o r b i t s  of Mercury and J u p i t e r ,  
except t h a t  f o r  c lose  o r b i t s  around J u p i t e r  
f o r  t he  s i g n i f i c a n t  e f f e c t s  of the g r a v i t a t i o n a l  f i e l d  of t he  p lane t .  
But only f o r  D 5 1 is i t  s a f e  t o  ignore the  a s t e r o i d a l  p a r t i c l e s .  
i t  is necessary t o  account 
15 
Because of the r e l a t i v e  s p a r s i t y  of the  a s t e r o i d a l  meteoroids i n  
the t e r r e s t r i a l  i n f lux ,  pe r t inen t  information about t h i s  population i s  
l e s s  subs t an t i a l .  Parkinson [28] preferred the following f l u x  enhance- 
ment f a c t o r s  for a s t e r o i d a l  p a r t i c l e s  with r e spec t  t o  h e l i o c e n t r i c  
dis tance:  1.0, 2000, 30000, and 20 f o r  the o r b i t s  of Earth,  Mars, 
a s t e r o i d s  (at 2.5 A.U. point  of max.), and J u p i t e r ,  r e spec t ive ly .  The 
Jovian and t e r r e s t r i a l  g r a v i t a t i o n a l l y  enhanced f l u x  f a c t o r s  f o r  a s t e r -  
o ida l  p a r t i c l e s  were a l s o  given by Parkinson [28] as 170 and 2 .1 ,  
res p e c t ive 1 y . 
XIII. ACCURACY 
I n  Reference 3 i t  w a s  s t a t e d  t h a t  the  models which were developed 
f o r  the  in f lux  F>and the corresponding puncture f l u x  @were  thought t o  
be accurate  to wi th in  a f a c t o r  2 probable e r r o r  (normal d i s t r i b u t i o n ) ,  
o r  t o  wi th in  a f a c t o r  9 of the 3-olevel of 99.86 percent one-sided con- 
fidence.  The est imate  of the accuracy w a s  intended only as a quan t i t a -  
t i v e  expression of engineering judgment. Contrar i ly ,  the author has 
been to ld  both that there  is  no s c i e n t i f i c  b a s i s  f o r  (or value of )  any 
q u a n t i t a t i v e  d i s t r i b u t i o n  of i n t ens i ty -o f -be l i e f  and t h a t  the model f o r  
puncture f l u x  is accurate  t o  wi th in  a f a c t o r  l e s s  than 2 even a t  the  
3-0 l eve l  for  half-mil  (0.00127-centimeter) 2024-T3 aluminum f o i l .  C a l -  
cu l a t ion  f o r  t h i s  t a r g e t  by the  model i n  Reference 3 gives @ = 2.87 x 
but  equation (25) i n  the present ana lys i s  gives @ = 1.41 x and the  
29 June 1966 model by Naumann [31] gives @ = 7 . 7 2  x lom6. Differences i n  
these r e s u l t s  a r e  due t o  a l t e r n a t i v e  extrapolat ions from e s s e n t i a l l y  the 
same da ta .  
The author has been advised* that  the  puncture f l u x  $3 i n  equation 
( 2 1 ) ,  f o r  the Pegasus t i e  point  based on the f i r s t  99 punctures i n  the  
th i ckes t  t a r g e t ,  should be considered accurate  t o  wi th in  a f a c t o r  
(99 + 99ll2) /99 = 1.10 a t  the  1-0 l e v e l  o r  84 percent one-sided con- 
fidence. B u t  t h a t  would involve only a condi t ional  p robab i l i t y  which 
would presuppose the  s u i t a b i l i t y  of a s e t  of assumptions. 
i t  would be assumed that the t a r g e t  had a uniform thickness over the  
e n t i r e  a r e a  and of known value. The actual thickness of the aluminum 
s h e e t  used i n  the capaci tor  puncture transducer w a s  given by Naumann [16] 
as 406 k 50 microns, l a te r  s a i d  t o  be from the  spec i f i ca t ions .  
procedures o r d i n a r i l y  presuppose both a consumer's r i s k  and a producer's 
r i s k ;  i .e . ,  t he re  i s  a chance t h a t  both a substandard i t e m  is  accepted 
and t h a t  a good item is r e j ec t ed .  Anyway, a 50-micron increment i n  
thickness would correspond t o  an  increment of 0.049 i n  the value of the 
t a r g e t  parameter, kt+log p ,  i n  equation ( 2 1 ) .  




And, by d i f f e r e n t i a t i o n  
* 
MSFC pa r t i c ipan t s  de l ibe ra t ing  on a meteoroid model f o r  P ro jec t  
Able, A u g u s t  1966. 
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The present ana lys i s  is thought t o  be more accurate  than the one i n  
Reference 3; but it seems prudent t o  r e t a i n  the estimate that the in f lux  
F> by equation (26) and the corresponding puncture f lux  ,i2 by equation (25) 
are accurate t o  wi th in  a f ac to r  2 probable e r ro r .  
XIV. CONCLUSIONS 
When the  laboratory hypervelocity impact r e s u l t s  reported by Sumners 
151, by Denardo and Nysmith [17], and by Fish  and Sumners [18] are i n t e r -  
preted collectixrely with 8-e r e s t r i c t i o n s  f o r  ex t rapola t ion  t o  cosmic 
impact ve loc i ty ,  a r e l a t i o n  can be an t ic ipa ted  between the p r o j e c t i l e  
mass, m, i n  grams and the thickness,  p,  i n  centimeters of a just-punc- 
turab le  me ta l l i c  ta rge t .  The present s ta te -of - the-ar t  favors equating 
p r o j e c t i l e  and t a r g e t  parameters by 
k t  + log p = k + (19/54) log m, 
P 
where the material parameter k is t 
kt = -1.360 + log(E;/l8 C : j 3 )  
and where the p r o j e c t i l e  ve loc i ty  parameter kp is  
k P = -0.611 + 1og(v COS x , ) ~ / ~ .  (16) 
The other  parameters i n  equations (15) and (16) a r e ,  f o r  the t a r g e t ,  
d u c t i l i t y  ( r e l a t i v e  elongation) E t ,  s p e c i f i c  g rav i ty  pt, and sonic  
v e l o c i t y  Ct (h / sec) ,  and f o r  the p r o j e c t i l e ,  ve loc i ty  v (km/sec) and 
angle of impact x2 from the normal. 
The s t a t i s t i c a l  d i s t r ibu t ions  of ve loc i ty  v and angle of impact x2 
a r e  such t h a t  a t a r g e t  shee t  with a 2sr-steradian exposure t o  the meteo- 
ro id  in f lux  w i l l  have a puncture f lux ,  $5, exceeding the mass-cumulative 
in f lux ,  F>, by a f ac to r  approximately 3.56; i . e . ,  a p a r t i c l e  with mass, m, 
and ordinary values of v and x2 will j u s t  puncture the  t a r g e t ,  and F, 
presupposes m. 
17 
I n  ea r th -o rb i t  t he  mean number of punctures,  $3, per square meter per 
second per 2 ~ s t e r a d i a n  exposure f o r  cometary meteoroids can be calculated 
from 
log ,@ = -13.03 - 3.81(kt + log p )  - 0.384(kt + log P ) ~  - 0.017(kt + log P ) ~ .  
(25) 
The corresponding formula f o r  a s t e r o i d a l  meteoroids is 
log ,@ = -17.70 - (19/54)(kt + log p ) .  (28) 
Corresponding t o  equation (25) the  mass-cumulative in f lux  F, of cometary 
meteoroids can be calculated from 
log F> = -14.52 - 1.406( log m) - O.O490(log m)2 - O.O0074(log m)3; 
(27) 
and f o r  a s t e r o i d a l  meteoroids, corresponding t o  equation (28) )  
log F> = -15.93 - log m. (34) 
These r e s u l t s  f o r  cometary meteoroids, given numerically i n  Table 1 and 
i l l u s t r a t e d  in  Figures 1 through 3 ,  a r e  thought t o  be accurate  t o  within 
a f a c t o r  2 probable e r r o r ,  o r  a f a c t o r  9 a t  the 30 l eve l .  
I n  interplanetary space the puncture f l u x ,  @, and mass cumulative 
f l u x ,  F>, for  cometary p a r t i c l e s  a r e  r e l a t e d  t o  s o l a r  d i s t ance  D by 













1 2 .  
REFERENCES 
Dalton, C. C., "Meteoroid Flux and Puncture Models," MSFC Working 
Paper R-AERO-Y-77-66, January 26, 1966. 
G a u l t ,  D. E. , "Scaling Relationships f o r  Microscale t o  Megascale 
Impact  Craters , I 1  Proceedings of the Seventh Hypervelocity Impact 
Symposium, Vol. V I ,  pp. 341-351, Martin Company, Orlando, Flor ida 
(Symposium Coordinator), February 1965. 
Dalton, C. C. , "Revised Meteoroid Flux and Puncture Models," Aero- 
Astrodynamics Research Review No.  4 ,  NASA IM X-53462, pp. 74-54, 
1 Apri l  1966. 
Dalton, C. C. ,  "Revised Meteoroid Flux and Puncture Models," Working 
Paper R-AERO-Y-93-66, Marshall Space F l i g h t  Center, 28 Apri l  1966. 
Summers, J. A.,  "Investigation of High-speed Impact: Regions of 
Impact and Impact  a t  Oblique Angles," NASA TN D-94, October 1959. 
Dalton, C. C. ,  "Estimation of Tolerance Limits f o r  Meteoroid Hazard 
t o  Space Vehicles," NASA TN D-1996, February 1964. 
Hawkins, G. S., and Southworth, R. B., "The S t a t i s t i c s  of Meteors 
i n  the  Earth 's  Atmosphere,'' Smithsonian Contributions t o  As t ro -  
physics, Vol. 2, No. ll, Smithsonian I n s t i t u t i o n ,  Washington, D. C., 
1958. 
Hawkins, G. S . ,  and Southworth, R. B., " O r b i t a l  Elements of Meteors," 
Smithsonian Contributions t o  Astrophysics, Vol. 4 ,  No. 3, Smithsonian 
I n s t . ,  Washington, D. C . ,  1961. 
Dalton, C. C.,  " S t a t i s t i c a l  Analysis of Photographic Meteor Data, 
P a r t  I: 
ing," NASA IIM X-53325, 1965. 
Opik's Luminous Efficiency and Supplemented Whipple Weight- 
Hawkins, G. S. and Upton, E. K. L., "The I n f l u x  of Meteors i n  the 
Earth 's  Atmosphere," Astrophys. J. , V o l .  128, pp. 727-735, 1958. 
Dalton, C. C.,  "Velocity Dependence of Meteor Luminous Eff ic iency 
and Consequent S t a t i s t i c a l  R e s u l t s  ," Reprint No. 66-515, Fourth 
Aerospace Sciences Meeting, American I n s t i t u t e  of Aeronautics and 
Astronaut ics ,  27-29 June 1966. 
Dalton, C.  C. , "Stat is t ical  Analysis of Photographic Meteor Data, 
P a r t  I V :  
Weighting," NASA 'IM X t o  be published about March 1967. 















1 1  Stuhlinger,  E . ,  Meteoroid Measurements wi th  P ro jec t  Pegasus," 
December 2 Reprint of Presentat ion a t  the Northeast  Electronics  
Research and Engineering Meeting, Boston, 4 November 1965. 
Hastings, E .  C.,  Jr. , "The Explorer X V I  Micrometeoroid S a t e l l i t e  
Supplement 111 ...," NASA ?M X-949, March 1964. 
McCrosky, R. E .  and A. Posen, "Orbi ta l  Elements of Photographic 
Meteors," Smithsonian Contributions t o  Astrophysics, Vol. 4 ,  No. 2 ,  
Smithsonian I n s t i t u t i o n ,  Washington, D.  C. , 1961. 
Naumann, R. J.  , "Pegasus S a t e l l i t e  Measurements of Meteoroid Penetra- 
t i o n  (Feb. 16 - Ju ly  20, 1965)," NASA TM X-1192, December 1965. 
Denardo, B.  P, and C.  R. Nysmith, "Momentum Transfer and Crater ing 
Phenomena Associated with the Impac t  of Aluminum Spheres i n t o  Thick 
Aluminum Targets a t  Veloci t ies  t o  24000 Feet per Second," NASA 
TM X-54046, 20 A p r i l  1964. 
F ish ,  R. H. and J. L. Summers, "The Ef fec t  of Mater ia l  Propert ies  
on Threshold Penetration," Proceedings of the Seventh Hypervelocity 
Impact Symposium, V o l .  V I ,  pp .  1-26, Martin Company, Orlando, 
Florida (Symposium Coordinator), February 1965. 
Andriankin, I. and Yu. S .  Stepanov, "Impact Penetrat ion Depth of 
Meteoric P a r t i c l e s , "  A r t i f i c i a l  Earth S a t e l l i t e s ,  Vol. 15, pp. 45- 
53 , January 1964. 
Da$Jon, C. C . ,  T r i p  Report, V i s i t  t o  Universi ty  of Maryland ( D r .  E .  
J. Opik), MSFC, Aerospace Environment Division f i l e ,  24 March 1966. 
Opik, E .  J. , Physics of Meteor F l i g h t  i n  the  Atmosphere;' I n t e r sc i ence  
Tracts on Physics and Astronomy No. 6 ( Interscience Pub., Inc . ,  N.  Y., 
1958). 
Opik, E. J. ,  VerGff. Dorpat ( T a r t u ) ,  V O ~ .  25, Nos. 1 and 32 ,  1922. 
Opik, E.  J. , Harvard Reprint No. 100 (1933), Harvard College Observa- 
t o ry ,  Cambridge, Mass. 
Bourn, D.  D. ,  and W. C.  Burk i t t ,  "Multivariable Analysis of the  
Mechanics of Penetrat ion of High Speed P a r t i c l e s , "  Final  Report, 
1 A p r i l  1963 - 31 March 1966, Martin-CR-66-26, Contract NAS7-219, 
Martin Company, Denver Colorado, J u l y  1966. 
20 
REFERENCES (Continued) 
25. D'ans, J. and E. Lax, Taschenbuch f i r  Chemiker und Physiker,  
Springer-Verlag, Ber l in ,  1943. 
26. Dalton, C. C., "Theoretical  Relationships f o r  Meteoroid Puncture 
Experiments," NASA TN D-3244, February 1966. 
27. Hawkins, G. S., "Impacts on the  Ear th  and Moon," Nature Magazine, 
Vol. 197, No. 4869, pp. 781, 23 February 1963. 
28. Parkinson, J., "Space Environment C r i t e r T h , "  YSFC Contract NAS8-11285, 
Aerojet-General, presented 26 May 1965. 
29. McCoy, T., Ii Handbook of Aerospace Environments and Missions, 1962," 
MSFC Contract NAS8-2550, Northrop, presented 14 June 1962. 
30. Beard, D. B., " Interplanetary Dust Dis t r ibu t ion ,"  Astrophysical 
Jou rna l ,  V o l .  129, No. 2, pp. 496-506, March 1959. 
31. Nauman, R. J., ''Meteoroid Hazard Model Determined from S a t e l l i t e ,  
Radar, and Photographic Observations," MSFC Working Paper, 29 June 
1966. 
32. "Changes t o  the  Natural  Environment and Physical Standards for the 
Apollo Program," M-D E 8020.008B, p. 29, 15 August 1966, NASA 
Apollo Program Office. 
21 
I .  APPENDIX I 
Reference 11. AIAA Paper No. 66-515 
~- I -  
I -  
Velocity Dependence of Meteor Luminous Eff ic iency  and Consequent 
S t a t i s t i c a l  Results.  CHARLES C. DALTON, S c i e n t i f i c  Ass is tan t ,  Aerospace 
Environment Division, Aero-As trodynamics Laboratory, NASA-Marshall Space 
F l i g h t  Center,  Huntsvi l le ,  A l a .  
ABSTRACT 
A systems ana lys i s  bas i s  of dec is ion  between Opik's and Verniani 's  
v e l o c i t y  dependence of meteor luminous e f f i c i ency  i s  given. A weighting 
func t ion  is used t o  transform Hawkins and Southworth's random sample of 
285 sporadic  photographic meteors i n t o  a random sample of meteoroids 
inc ident  upon a randomly placed and randomly or ien ted  sur face  a t  air-  
e n t r y  a l t i t u d e .  Each of the  sample s e t s  of MSS values  f o r  the  two 
luminous e f f i c i ency  formulations is ranked wi th  respec t  t o  ma te r i a l  mass 
and pa r t i t i oned  a t  a mass value which gives  subsets  of comparable statis-  
t i c a l  weight. 
d i s t r i b u t i o n s  of a parameter such as v e l o c i t y  tends t o  be more gene ra l ly  
convincing than the numerical value of the  l i n e a r  c o r r e l a t i o n  between 
that parameter and mass. The r e s u l t s  favor Opik's theory and g ive  some 
b a s i s ,  when a s u f f i c i e n t l y  l a rge  sample i s  used, f o r  showing the  direc- 
t i o n a l  dependence of the  cumulative f l u x  with r e spec t  t o  a func t ion  of 
mass and ve loc i ty .  
The ex ten t  t o  which the  subse ts  of a set  g ive  d i f f e r e n t  
Photographic meteor da ta  a r e  pe r t inen t  i n  the  cons t ruc t ion  of models 
f o r  meteoroid pro tec t ion  of personnel, equipment, veh ic l e s ,  and s t a t i o n s  
i n  space because the measurable parameters have been accura te ly  de t e r -  
mined f o r  s t a t i s t i c a l l y  s i g n i f i c a n t  samples. But i n  applying these da t a  
t o  meteoroid hazard considerat ions,  two major d i f f i c u l t i e s  are encountered, 
wi th  the  r e s u l t  that the  ana lys i s  is l e s s  near ly  d i r e c t  than one might 
have expected. 
The main d i f f i c u l t y  wi th  meteor da t a  i n  the  ana lys i s  of punc tu rab i l i t y  
is that, e.g., by ex t rapola t ion  of Summers' [ l ]  hyperveloci ty  impact da t a  
t o  a typ ica l  meteor ve loc i ty ,  c r a t e r  depth is a func t ion  of the  dens i ty  
and k i n e t i c  energy of the  p a r t i c l e .  
the  conversion of p a r t i c l e  k i n e t i c  energy i n t o  meteor luminous i n t e n s i t y  
m u s t  be invoked. But the meteoroids not only a r e  of uncer ta in  chemical 
composition and physical charac te r i s  t ics , but  a l s o  have typ ica l  c los ing  
v e l o c i t y  higher  than t h a t  cur ren t ly  ava i l ab le  i n  labora tory  experiments. 
Then the  luminous e f f i c i ency  m u s t  be infer red  from the  physical  theory of 
meteors. 
Thus, the  luminous e f f i c i ency  for 
23 
Another d i f f i c u l t y  with meteor da t a  i n  the  a n a l y s i s  of hazards i n  
space is t h a t ,  due t o  physical s e l e c t i v i t y ,  a random sample of meteor 
d a t a  is produced by p a r t i c l e s  which do not c o n s t i t u t e  a random sample of 
the p a r t i c l e  influx. Consequeritly, i t  i s  necessary t o  c a l c u l a t e  what 
r e l a t i v e  s t a t i s t i c a l  weight the d i f f e r e n t  members of the sample must be 
given s o  t h a t  s e l e c t i v i t y  w i l l  not b i a s  the s t a t i s t i c a l  d i s t r i b u t i o n  of 
the parameters of i n t e r e s t .  
The sample used, both i n  the present s tudy and i n  one previously 
reported by the author [2,3] with d i f f e r e n t  weighting, is Hawkins and 
Southworth's [4 ,5]  random sample of 285 sporadic  meteors doubly photo- 
graphed by the Baker Super-Schmidt cameras t o  a l i m i t i n g  photographic 
magnitude of +4 from s t a t i o n s  a t  Doza Ana and Soledad, New Mexico, from 
February 1952 t o  J u l y  1954. 
The main purpose i n  both analyses i s  t o  s tudy the  e f f e c t  on the  
s t a t i s t i ca l  r e l a t ionsh ips  between f i v e  p a r t i c l e  parameters - log mass, 
log v e l o c i t y ,  a r i t hme t i c  c e l e s t i a l  l a t i t u d e ,  h e l i o c e n t r i c  o r b i t a l  eccen- 
t r i c i t y ,  and r a d i a n t  deviat ion from the earth-way apex - when Opik's [6]  
and Verniani 's  [ 7 , 8 ]  formulations f o r  luminous e f f i c i ency  a r e  i n t e r -  
changed. The mass values tabulated by Hawkins and Southworth [5] f o r  
t h i s  sample a r e  s a i d  (by Verniani [9] )  t o  be proport ional  t o  those which 
would follow from Verniani 's  [7 ,8]  more r ecen t  formulation of luminous 
e f f i c i e n c y  d i r e c t l y  proportional t o  ve loc i ty .  A s c a l e  t r a n s l a t i o n  w a s  
a l s o  made i n  the computation of mass values by Upik's [6]  theory; bu t  
the present r e s u l t s  a r e  s e n s i t i v e  only t o  the velocity-dependence. 
I n  both the  present  and the previously reported s tudy [2 ,3 ] ,  the 
weighting function has three  f ac to r s .  A f a c t o r  inversely proport ional  
t o  the  square of the  meteor height  accounts f o r  the v a r i a t i o n  i n  the 
e f f e c t i v e  survei l lance a rea .  The asymmetry i n  the  d i s t r i b u t i o n  with 
r e spec t  t o  the e c l i p t i c  plane, due t o  the l a t i t u d e  of the  s t a t i o n ,  w a s  
r e d u c e d  by weighting inversely with the f r a c t i o n  of the r a d i a n t  c i r c l e  
of c e l e s t i a l  l a t i t u d e  apparent above the horizon and by doubling the 
weight of each element with r a d i a n t  north c e l e s t i a l  l a t i t u d e  numerically 
g r e a t e r  than the numerically g r e a t e s t  southern c e l e s t i a l  l a t i t u d e .  The 
remaining f ac to r  i n  the  weighting funct ion w a s  d i f f e r e n t  i n  the two 
analyses;  being inversely proportional t o  the 312-power of ve loc i ty  i n  
that previously reported [2 ,3]  , and d i r e c t l y  proport ional  t o  Hawkins 
and Upton's [ l o ]  inverse r e l a t i v e  v i s i b i l i t y  g(p) i n  the present  a n a l y s i s ,  
where p i s  the  meteor magnitude above the l i m i t  of the photographic p l a t e ;  
i . e .  , 
g = 1  f o r  p > 1.85, 
= 10 f o r  p < 0.55, 
= (0.7111 - 0.296)'l f o r  0.55 5 p 5 1.85. 
The previous ana lys i s  with mass values by Gpik's [6] theory (Dalton 
[2])  gave r e s u l t s  about a s  one might have expected for  the 285 meteor 
sample. The cor re la t ion  between log mass and log ve loc i ty  was only 0.01, 
t he  corresponding p a r t i a l  cor re la t ion  was 0.10, and the mult iple  correla-  
t i o n  f o r  the f i v e  var iab les  was  only 0.21. B u t  with the mass values by 
Verniani 's  [7,8] theory (Dalton [3 ] ) ,  the same cor re la t ions  were -0.69, 
0.41, and 0.72, respect ively.  
Meteor cosmic weight as a function of v e l o c i t y  v, as used by 
Whipple [ l l ]  fo r  v > 19 km/sec, and a s  used fo r  a l l  values of v by 
McCrosky and Posen [12] and by Jacchia and Whipple 1131, has a f ac to r  
v - ~  which con ins  the fac tor  v- l I2  because zetecr heigIit vas assumed 
t a i n t y  i n  the ve loc i ty  mass l a w  and i n  the number-luminosity law a r e  
such that correct ions fo r  these e f fec ts  w i l l  probably be i n  e r r o r  by 
a t  l e a s t  1 i n  the ve loc i ty  exponent. 
t o  vary as  v1 5" 4. But McCrosky and Posen [12] estimated that the uncer- 
There was, therefore ,  a reasonable suspicion that the seemingly 
anomalous cor re la t ions  might represent bias  due t o  inappropriate  ve loc i ty  
weighting. But the r e s u l t s  now to be shown f o r  weighting as  a function 
of meteor magnitude above the l i m i t  of the photographic p l a t e  do not 
support  that expectation. 
Figure 1 compares 6pik's  [6] meteor luminous e f f ic iency  with a hypo- 
t h e t i c a l  luminous e f f i c i ency  proportional t o  vn, where the ord ina te  n is 
un i ty  f o r  Verniani's [7,8] theory. The u n i t  negative value f o r  n, which 
6pik [6] suggested a s  an approximation, agrees very well  as  a typica l  
value fo r  h i s  more de t a i l ed  r e s u l t s ,  but is not assumed f o r  the present 
ana lys i s .  
Figure 2 shows, fo r  each of the s e t s  of computed mass values fo r  the 
same meteors, the weighted correlat ions between the f ive  p a r t i c l e  param- 
e t e r s :  log mass, log ve loc i ty ,  radiant  a r i thmet ic  c e l e s t i a l  l a t i t u d e ,  
he l iocen t r i c  o r b i t a l  eccen t r i c i ty ,  and rad ian t  t o t a l  elongation from the 
earth-way apex. 
t i o n  rE between the logarithms of mass and ve loc i ty  (-0.83 vs  - O . l l ) ,  
fo r  the corresponding p a r t i a l  cor re la t ion  r12.345 (0.35 vs 0.06), and 
for  the mult iple  co r re l a t ion  r1.2345 (0.84 vs 0.20). The widely d i f -  
f e r e n t  r e s u l t s  f o r  the cor re la t ion  r14 between log mass and eccen t r i c i ty  
(-0.55 vs 0.01) seem t o  be consequent t o  the high value 0.77 f o r  the cor- 
r e l a t i o n  r24 between log ve loc i ty  and eccent r ic i ty .  In the  Verniani 
[7,8] theory, with luminous eff ic iency proportional t o  ve loc i ty ,  the 
higher ve loc i ty  meteors have r e l a t ive ly  higher luminous e f f ic iency ,  and 
consequently they have a lower calculated value f o r  p a r t i c l e  mass. 
The most s t r i k i n g  differences a r e  noted f o r  the correla-  
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Figure 3 shows t h a t ,  when the sample is  ordered wi th  r e s p e c t  t o  
the 8pik  [6]  mass values  and p a r t i t i o n e d  i n t o  subse t s  of equal  s t a t i s -  
t i c a l  weight ,  the d i s t r i b u t i o n  of e c c e n t r i c i t y  i s  not  very  d i f f e r e n t  
f o r  the two subse ts .  This r e s u l t  r e f l e c t s  t he  va lue  0.01 f o r  the  cor-  
r e l a t i o n  r14 between log mass and e c c e n t r i c i t y  w i t h  the  8p ik  [6 ]  mass 
va lues .  
Figure 4 shows the  corresponding d i s t r i b u t i o n s  of e c c e n t r i c i t y  i n  
subse t s  of equal s t a t i s t i c a l  weight formed by a p a r t i t i o n  of t he  sample 
ordered wi th  respec t  t o  the Verniani  [7 ,8]  mass va lues .  Although i t  
would seem that these  widely d i f f e r e n t  d i s t r i b u t i o n s  of e c c e n t r i c i t y  
might be d i f f i c u l t  t o  exp la in  phys ica l ly ,  they r e f l e c t  the va lue  0.55 
f o r  the c o r r e l a t i o n  r14 between log mass and e c c e n t r i c i t y  wi th  the  
Verniani  [7 ,8]  mass va lues .  
Figure 5 shows, f o r  v e l o c i t y ,  w h a t  the  preceding f i g u r e  showed f o r  
e c c e n t r i c i t y .  These r e s u l t s ,  which r e f l e c t  the va lue  -0.83 f o r  the  
c o r r e l a t i o n  r12 between the  logarithms of m a s s  and v e l o c i t y  wi th  the  
Verniani  [7 ,8]  mass va lues ,  would seem t o  be even more d i f f i c u l t  t o  
exp la in  phys i c a l  l y  . 
Figure 6, however, showing the  corresponding r e s u l t s  w i th  the  
Epik [6]  mass va lues ,  seems about  what one should have expected f o r  a 
sample of 285 meteors without  any v e l o c i t y  weight ing.  These r e s u l t s  
r e f l e c t  the value -0.11 f o r  the c o r r e l a t i o n  r12 between the  logari thms 
of m s s  and ve loc i ty .  Therefore ,  i t  seems appropr i a t e  t o  consider  t h a t  
bo th  the s t a t i s t i c a l  weighting and the Gpik v e l o c i t y  dependence of 
luminous e f f i c i e n c y  a r e  p e r t i n e n t  f o r  a de te rmina t ion  of t he  d i r e c t i o n a l  
dependence of t h e  cumulative f l u x  wi th  r e spec t  t o  a func t ion  of mass and 
ve  1 oc i t y  . 
Figure 7 shows the  d i s t r i b u t i o n  of r a d i a n t s  as a func t ion  of the  
t o t a l  dev ia t ion  from the  earth-way apex. The o r d i n a t e ,  the  r a t i o  of the 
p r o b a b i l i t y  dens i ty  and the s i n e  of the ang le  of displacement ,  i s  the  
r e l a t i v e  dens i ty  of r a d i a n t s  averaged around a c i r c l e  concent r ic  w i th  
t h e  earth-way apex. The accentuated maximum i n  the  v i c i n i t y  of 90 degrees 
e longat ion  was not expected, bu t  i t  seems t o  be s u b s t a n t i a l l y  e s t a b l i s h e d .  
Figure 8 shows the  d i s t r i b u t i o n  of t he  e c l i p t i c  component of the  
e longat ion  from the  earth-way apex. The p r o b a b i l i t y  d e n s i t y  func t ions  
f o r  t h i s  paper, such as the  one shown i n  t h i s  f i g u r e ,  were obtained by 
order ing  the sample wi th  r e spec t  t o  the parameter of i n t e r e s t  and draw- 
ing a smooth curve through the  v i c i n i t y  of the  machine-plotted point-by- 
po in t  r e l a t i v e  cumulative d i s t r i b u t i o n .  The va lues  of the  s lope  of that 
curve,  determined a t  the parameter va lues  of i n t e r e s t ,  a r e  the  va lues  of 
t h e  p r o b a b i l i t y  d e n s i t y  func t ion .  
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Figure 9 represents  an .attempt t o  show how, with a momentum-sensing 
impact-detection sur face  i n  ea r th  o r b i t ,  one might i n fe r  the  d i s t r i b u t i o n  
of the e c l i p t i c  component of the radiant  elongation from the earth-way 
apex. 
lowest momentum. Figure 10 represents the corresponding r e s u l t s  for  a 
hypothetical  de tec tor  with a pa r t i c l e  energy threshold. Both r e s u l t s  
would seem t o  be inconclusive f o r  a sample t h i s  small; but the technique 
might be useful  with a l a rge r  sample. 
the co r re l a t ion  rZ5 between log veloci ty  and elongation, the r e s u l t s  
would be spurious,  i f  there  remains any appreciable b ias  with respect  t o  
v e l o c i t y  i n  the weighting function. 
These r e s u l t s  a r e  found by de le t ing  30 percent of the meteors of 
However, due t o  the value -0.88 of 
Figure '11 shav-s the d i s t r i b u t i o n  of meteor rad ian ts  with respect  t o  
the e c l i p t i c  plane. The weighted determinations fo r  the mean and median 
r ad ian t  deviat ion from the e c l i p t i c  plane a r e  26 and 18 degrees, respec- 
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